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Edited by Frances ShannonAbstract The evolutionarily conserved SET domain proteins in
eukaryotes have been shown to function as site-speciﬁc histone
lysine methyltransferases, and play an important role in regulat-
ing chromatin-mediated gene transcriptional activation and
silencing. Structure-based sequence analysis has revealed that
SET domains are also encoded by viruses and bacteria, as well
as Archaea. However, their cellular functions remain elusive.
In this study, we have characterized a SET domain protein from
Methanosarcina mazei strain Go¨1 that we refer to as Go¨1-SET.
We show that Go¨1-SET exists as a homodimer in solution, and
functions as a lysine methyltransferase with high substrate spec-
iﬁcity that is dependent on the amino acid sequence ﬂanking the
lysine methylation site. Particularly, Go¨1-SET exhibits selective
methyltransferase activity towards one of the major archaeal
DNA interacting protein MC1-a at lysine 37. Our ﬁndings sug-
gest that SET domain proteins such as Go¨1-SET may restruc-
ture archaeal chromatin that is composed of MC1–DNA
complexes, and that modulation of chromatin structure by lysine
methylation may have arisen before the divergence of the archa-
eal and eukaryotic lineages.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Methanosarcina1. Introduction
On the basis of their molecular properties, cellular life is
classiﬁed into three domains – Archaea, bacteria and eukarya.
Archaea lack nuclear membranes and are therefore prokary-
otes, however, they are genetically and biochemically as diver-
gent from bacteria as are eukarya. One of the main
distinguishing features between the members of the three king-
doms of life lies in the mechanisms underlying gene expression.
Archaea and bacteria share the same basic mechanism of
translation, which diﬀers from that used by the eukarya mainly
at the initiation step involving ribosome binding to mRNA.
On the other hand, the basal transcriptional machineries of
Archaea and eukarya are related especially with respect to
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in Archaea most often follows mechanisms involving simple
bacteria-like regulators, with certain occurrences of eukarya-
like regulators [1]. By contrast, in eukarya the modulation of
chromatin structure is far more complex involving covalent
modiﬁcation of DNA-associated histone proteins, which plays
a pivotal role in transcriptional regulation [2].
Eukaryotic chromosomal DNA is structured by interaction
with histones forming higher order DNA–protein complexes
termed chromatin. The fundamental unit of eukaryotic chro-
matin is the nucleosome, made up of 146 bp of DNA wrapped
around a histone octamer core [3]. Histones are small basic
proteins consisting of a globular domain and ﬂexible and
charged N- and C-terminal tails that protrude from the nucle-
osome and serve as targets for post-translational modiﬁca-
tions. Reversible covalent modiﬁcations on histones include
acetylation, methylation and phosphorylation, which aﬀect
the electrostatic interaction of the histone–DNA complex,
thereby leading to changes in the local chromatin structure,
with subsequent eﬀects on various cellular processes, including
transcriptional regulation (reviewed in [4–7]).
Study of DNA packaging in Archaea reveals that there are
no conserved mechanisms for archaeal genome packaging
and that the processes are unique, with limited similarities to
the eukaryotic and bacterial mechanisms [8]. Archaea contain
a variety of sequence-independent DNA-binding proteins
some of which are known to undergo post-translational mod-
iﬁcations, similar to the histone modiﬁcations in eukaryotic
chromatin. Among these archaeal DNA-binding proteins are
Alba, which is conserved among most of the sequenced archa-
eal genomes [9,10], the so-called histone-like proteins in the
subdomain Euryarchaea [8], and MC1 proteins in the Methan-
osarcina species [8].
To date, Alba has been the most well characterized among
the known archaeal DNA-associating proteins. Alba proteins
interact with DNA as dimers and such binding introduces neg-
ative supercoiling of the bound DNA [9,11]. Deacetylation of
Alba by archaeal Sir2-like NAD-dependent protein deacety-
lases has been shown to increase the binding aﬃnity of Alba
for DNA [10]. Furthermore, deacetylation of Alba has been
found to inhibit transcription in vitro [10]. Such studies indi-
cate that similar to the eukaryotic histone proteins, archaeal
DNA-associating proteins are also subject to post-transla-
tional modiﬁcations with subsequent eﬀects on chromatin
structure and function.
To further investigate the presence of archaeal homologs of
eukaryotic histone-modifying proteins, we conducted a se-
quence homology-based search of the protein database usingblished by Elsevier B.V. All rights reserved.
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methyltransferases, we primarily focused on identifying
archaeal homologs of such eukaryotic methyltransferases. His-
tone lysine methylation in eukaryotes is catalyzed almost
exclusively by the evolutionarily conserved SET domain
[13,14], which was originally identiﬁed in Drosophila proteins:
Suppressor of variegation (Su(var)3-9) [15], Enhancer of zeste
(E(z)) [16,17] (hence the name). Similar to Aravind and Iyer
[18], our search identiﬁed a SET domain encoding gene from
the acetate-utilizing archaeal methanogen, Methanosarcina
mazei strain Go¨1. In addition, our search identiﬁed a SET
encoding gene from another archaeal methanogen, M. acetiv-
orans strain C2A.
The archaeon Methanosarcina and related species are obli-
gate anaerobes of immense ecological importance. Acetate-
utilizing archaeal methanogens are indispensable members of
the anaerobic food chain since they are the only organisms
capable of fermenting acetate, methylamines, and methanol
to methane, carbon dioxide and ammonia [19]. It was intrigu-
ing to identify SET proteins in Archaea and therefore, to
establish the functional signiﬁcance of such proteins, we se-
lected the SET protein from M. mazei strain Go¨1 (which we
refer to as Go¨1-SET) for characterization as the ﬁrst archaeal
SET protein.2. Materials and methods
2.1. Construction of expression vectors
Most archaeal genes do not contain introns. Therefore, it was possi-
ble to clone the following genes of interest from the genomic DNA of
M. mazei strain Go¨1 (gift from Gerhard Gottschalk, Georg-August-
University, Go¨ttingen, Germany). Go¨1-SET (Accession No.
NC_003901) was ampliﬁed from genomic DNA using the primers
5 0-ATGCAGGAGCCTGATCAAATGTCATTG and 5 0-GTTCTG-
GCTTGCAACATCAAACCAG. For expression of recombinant
Go¨1-SET protein without an epitope tag, the resulting DNA fragment
was inserted into NdeI/BamHI sites of pET-22b(+) vector (Novagen)
with a stop codon inserted at the 3 0-end.
Histone-like protein (Accession No. NP_633849) was ampliﬁed from
genomic DNA using the primers 5 0-ATGGCAGCAAAAGTTA-
TACCGTTCGC and 5 0-CAGCATTTCTTTAGCTAGTTTTATG.
MC1-a (Accession No. NP_633075) was ampliﬁed from genomic
DNA using the primers 5 0-ATGGCTGACACACGAAATTTTGTT-
TTGCGAGA and 5 0-CTCGATTGTTTCTATTTTTTCTTTCTTA-
ACA. MC1-b (Accession No. NP_633245) was ampliﬁed from
genomic DNA using the primers 5 0-ATGTCCAACACAAGAAATT-
TTGTTTTACGAGAC and 5 0-CTCGAGTTTTTCGATCTTTTCT-
TTCTTAACG. For expression of recombinant protein fused to an
N-terminal hexahistidine tag, the resulting NdeI/BamHI digested
DNA fragments were inserted into the respective sites of pET-15b
vector (Novagen).
Mutations were introduced into the DNA constructs using the Quik-
Change site-directed mutagenesis kit (Stratagene). All constructs were
veriﬁed by DNA sequencing.2.2. Protein sample preparation
DNA constructs were expressed in E. coli BL21(DE3) cells (Nova-
gen). A uniformly 15N-labeled protein sample was prepared by grow-
ing bacteria in a minimal medium containing 15NH4 Cl as the sole
nitrogen source. For NMR-based experiments, untagged Go¨1-SET
was expressed, refolded and puriﬁed as previously described [20].
Go¨1-SET was further puriﬁed via gel ﬁltration chromatography using
Superdex 200 16/60 (Amersham Biosciences) at 1 ml min1 in 50 mM
phosphate, pH 6.5, buﬀer containing 700 mM NaCl, 300 mM urea,
0.1 mM EDTA, and 5 mM b-ME. Hexahistidine-tagged proteins were
puriﬁed with Ni-NTA agarose beads according to the manufacturers
speciﬁcations (Qiagen).2.3. Histone methyltransferase assay and preparation of its substrates
The in vitro histone methyltransferase assays were carried out as
previously described [20]. Brieﬂy, the enzymatic reactions were set-up
using 0.5 lg of enzyme, 5 lg of substrates and 75 nCi of 14C-labeled
S-adenosyl-L-methionine (Amersham Biosciences) in 50 ll total reac-
tion volume and incubated for 1 h at 37 C. The buﬀer condition
was 20 mM Tris–HCl, pH 8.0, containing 20 mM KCl, 10 mMMgCl2,
and 10 mM b-ME. Commercially available free core bovine histones
H2A, H2B, H3 and H4 were also used as potential substrates in the
methyltransferase assays (Roche). Resulting protein products from
the methylation reactions were separated by SDS–PAGE and visual-
ized by Coomassie staining and ﬂuorography (Molecular Dynamics).
Incorporation of 14C-methyl groups onto synthetic histone peptide
substrates (Bio-synthesis) were assayed in three independent experi-
ments and detected by liquid scintillation using Ready Protein cocktail
(Beckman Coulter).
2.4. NMR spectroscopy
NMR spectra were acquired at 37 C on a 500 MHz Bruker DRX
NMR spectrometer. 1H and 15N spectra were recorded on uniformly
1H/15N-labeled protein samples. NMR spectra were processed using
NMRView [21].3. Results
3.1. SET domain proteins are present in archaeal methanogens
Sequence homology-based search of the non-redundant
database of protein sequences (NCBI) was conducted using
the BLAST program similar to the evolutionary analysis of
SET proteins conducted by Aravind and Iyer [12,18]. These
authors identiﬁed SET domain encoding genes in various
viruses, bacteria, and eukaryota, as well as the acetate-utilizing
archaeal methanogen, M. mazei strain Go¨1 [18]. In addition,
our search identiﬁed a SET encoding gene from another archa-
eal methanogen, M. acetivorans strain C2A. We have, respec-
tively, termed the archaeal gene products as Go¨1-SET and
C2A-SET. The identiﬁed open-reading frames encode for a
134-residue Go¨1-SET and a 128-residue C2A-SET.
Primary sequence analysis of the archaeal SET proteins
shows high sequence similarity with a viral SET protein called
vSET, which we have previously characterized [20]. The 119-
residue vSET consists of a single SET domain without any
ﬂanking sequences, thus representing a prototype of the SET
domain protein family. Interestingly, all of the bacterial and
archaeal SET domains identiﬁed in our search also appear to
be full-length proteins constituting a single SET domain, sim-
ilar to vSET.
Sequence alignment of vSET, Go¨1-SET and C2A-SET,
along with several bacterial SET proteins, was composed based
on the three-dimensional structure of vSET [20], is presented in
Fig. 1. The sequence alignment shows that residues that are
important for histone methyltransferase activity of SET pro-
teins, corresponding to Gly17, Asn69, His70, Asn75, Glu100,
and Tyr105 in vSET, are also conserved in the two archaeal
SET proteins.3.2. Go¨1-SET appears to exist as a dimer in solution
Our previous studies of vSET showed that the protein exists
as a homodimer in solution, and we were able to characterize
the residues present at the dimer interface from our three-
dimensional structural analysis of vSET by NMR [20]. The
primary sequence alignment in Fig. 1 shows that some of the
residues known to be present at the dimer interface of vSET
Fig. 1. Sequence alignment of SET proteins from PBCV-1 virus (NP_048968; vSET), the Archaea M. mazei strain Go¨1 (NP-634869) and
M. acetivorans strain C2A (NP_616606), and the bacteria Bacillus anthracis (NP_653535), B. cereus (NP_834732), Chlamydia trachomatis (NP-
220256), C. pneumoniae (NP_300935), Chlorobium tepidum (NP_661845) and Leptospira interrogans (NP_710330), with the accession numbers listed
in parenthesis. Residue numbers are indicated alongside the sequences. Positions of a-helices (grey) and b-strands (yellow) are highlighted in vSET
sequence. Residues absolutely conserved among these three proteins are in red. Residues that are similar are highlighted in blue. Residues of vSET
that show intermolecular NOEs between the subunits in the dimer are underlined. Some of the residues that are present at the dimer interface of
vSET have identical or similar corresponding residues in Go¨1-SET, namely, Ile40, Val47, Glu51 and Leu52 of Go¨1-SET (highlighted by underlines).
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namely, Ile36, Trp43, Leu47, and Glu48 of vSET correspond
to Ile40, Val47, Glu51 and Leu52 of Go¨1-SET (highlighted
by underlines). Therefore, we speculated that Go¨1-SET may
also exist as a dimer in solution.
We expressed recombinant Go¨1-SET in E. coli and utilized a
pre-established in vitro refolding and puriﬁcation protocol
[20]. The oligomerization state of Go¨1-SET was assessed via
gel-ﬁltration chromatography and the analysis revealed that
the protein elutes with an apparent molecular weight (Mw)Fig. 2. Analysis of dimerization state of Go¨1-SET. (a) Gel ﬁltration chroma
Go¨1-SET eluted as a 27 kDa protein, which is consistent with its dimeric for
protein standards used were ribonuclease A (14 kDa), chymotrypsin (25 kDa
1H/15N-HSQC spectrum showing approximately 125 backbone amide peaks
The spectrum indicates that the recombinant Go¨1-SET is properly folded.of 27 kDa, which is consistent with a dimeric form of Go¨1-
SET (calculated Mw of Go¨1-SET is 30.2 kDa; Fig. 2(a)).3.3. NMR spectrum
To verify that the recombinant Go¨1-SET was properly
folded, we collected 2D 1H/15N-HSQC spectra on uniformly
15N-labeled Go¨1-SET which was puriﬁed via size-exclusion
chromatography. As shown in Fig. 2(b), the protein is folded
as evident from the well-dispersed chemical shifts of backbonetography analysis reveals that Go¨1-SET exists as a dimer in solution.
m with an expected molecular weight of approximately 30.2 kDa. The
) and ovalbumin (43 kDa), as indicated in the chromatogram. (b) 2D
for the 134-residue Go¨1-SET, excluding the side-chain amide signals.
3862 K.L. Manzur, M.-M. Zhou / FEBS Letters 579 (2005) 3859–3865amide resonances along both the 1H and 15N dimensions in the
HSQC spectrum.
3.4. In vitro histone methyltransferase activity of Go¨1-SET
To investigate possible enzymatic activity of Go¨1-SET,
recombinantly expressed Go¨1-SET was used in an in vitro
MTase assay using free core histones H2A, H2B, H3 and H4
as potential substrates (bovine histones; Roche). The results
show that Go¨1-SET is capable of transferring 14C-labeled
methyl group(s) from S-adenosyl-[14C-methyl]-L-methionine
(SAM) selectively to histone H4 but not to the other histones
(Fig. 3(a), lower panel), thus establishing that Go¨1-SET is in-
deed a methyltransferase. Relative amounts of histones used in
the HMTase assay are shown in an SDS–PAGE gel (Fig. 3(a),
upper panel). When judged on the basis of molecular weight,
the weak signal in the H2B lane in the ﬂuorogram (indicated
by an asterisk, lower panel) is probably due to H4 contamina-
tion in the H2B protein sample obtained from the manufac-
turer (Roche).
To determine the lysine residue being methylated by Go¨1-
SET, we conducted the MTase assay with synthetic peptides
derived from the N-terminal sequence in H4 that contain
known methylation sites. The reaction condition was similar
to that of Fig. 3(a). Notably, methyl transfer catalyzed by
Go¨1-SET takes place only with the H4 peptide containing res-
idues 1–30 but not with another H4 peptide consisting of res-
idues 13–30 (Fig. 3(b), substrates 1 and 2, respectively), thus
indicating that the target site is within residues 1–12.
3.5. DNA interacting proteins from M. mazei strain Go¨1
Although Go¨1-SET methylated histone H4, this protein sub-
strate is not present in M. mazei. However, there are three
known DNA interacting proteins inM. mazei – a so-called his-
tone-like protein and two homologous MC1 (methanogen
chromosomal 1) proteins. Currently, primary sequence of six
archaeal MC1 proteins are known from M. thermophila strain
CHTI55, M. mazei strain Go¨1, M. acetivorans strain C2A andFig. 3. MTase activity of Go¨1-SET from M. mazeistrain Go¨1. (a) The MTa
H2A, H2B, H3 and H4 as potential substrates. Relative amount of free hist
Fluorogram of Go¨1-SET activity shows that only histone H4 lane contains a
When judged on the basis of molecular weight, the weak signal in the H2B la
due to H4 contamination in the H2B protein sample obtained from the manu
peptides derived from the histone H4 sequence. The reaction conditions were
Go¨1-SET exhibits methylation activity towards H4 peptide (residues 1–30) an
acetylated H4 peptide (residues 1–20; AcK5/AcK12).M. barkeri MC1 (Fig. 4(a)). All of the known MC1 proteins
are highly basic proteins with pI of 10 and consist of 93–94
amino acid residues. While present in all members of the Met-
hanosarcina species, there are no deﬁned characteristics distin-
guishing the two homologs of MC1. Therefore, we categorized
the MC1 proteins as MC1-a or MC1-b. As shown in the se-
quence alignment, at positions 12, 56 and 64, MC1-a has ami-
no acids Val, Ile and Gln whereas MC1-b has Glu, Val and
Glu, respectively (highlighted by asterisk).
3.6. MC1-a is speciﬁcally methylated by Go¨1-SET
Using gene-speciﬁc primers, the genes encoding the three
DNA-interacting proteins were cloned from genomic DNA
of M. mazei strain Go¨1. In vitro MTase assays using MC1-
a, MC1-b and histone-like proteins as potential substrates
showed that Go¨1-SET is capable of transferring 14C-labeled
methyl groups from 14C-SAM selectively to MC1-a but not
to MC1-b and the histone-like protein (Fig. 4(b), middle pa-
nel). Therefore, the data indicate that MC1-a is a possible sub-
strate of Go¨1-SET. Relative amounts of control H4, MC1-a,
MC1-b and histone-like protein used in the assay are shown
in an SDS–PAGE gel (Fig. 4(b), upper panel). Similar
amounts of Go¨1-SET were used to test enzymatic speciﬁcity
towards each of the potential substrates as shown in an
SDS–PAGE gel (Fig. 4(b), lower panel).
3.7. Go¨1-SET speciﬁcally methylates lysine 37 of MC1-a
Since SET domains are lysine methyltransferases, we postu-
lated that a lysine residue that is present in MC1-a, but not
present in MC1-b, may be the target of Go¨1-SET. Comparison
of the primary sequences of MC1-a and MC1-b reveals that
there are two lysine residues in MC1-a which have no corre-
sponding residues in MC1-b, namely Lys37 and Lys72 (Fig.
4(a)). To determine the speciﬁc target residue of Go¨1-SET,
MTase assays were set-up with wild-type versus mutant
MC1-a. The mutant proteins had either Lys37 or Lys72
mutated to arginine. As the ﬂuorogram indicates, Go¨1-SETse activity was monitored by in vitro MTase assay using free histones
ones used in the assay are shown in an SDS–PAGE gel (upper panel).
radioactive signal, indicating that H4 is being methylated by Go¨1-SET.
ne in the ﬂuorogram (indicated by an asterisk, lower panel) is probably
facturer. (b) MTase activity measurement of Go¨1-SET using synthetic
similar to those in (a), and the experiments were performed in triplicate.
d no MTase activity was detected with H4 peptide (residues 13–30) and
Fig. 4. MTase activity of Go¨1-SET on archaeal DNA interacting proteins. (a) Sequence alignment of DNA-binding proteins from Methanosarcina
Archaea – M. thermophila (Mt) strain CHTI55 (S05243),M. mazei (Mm) strain Go¨1 (NP_633075 and NP_633245), M. acetivorans (Ma) strain C2A
(NP_618494 and NP_619376), and M. barkeri (Mb) (ZP_00298264), with the accession numbers in parenthesis. Positions of a-helices (grey) and b-
strands (yellow) are highlighted in CHTI55 MC1-b sequence. Residues absolutely conserved among these three proteins are in black. Residues not
conserved are highlighted in blue. Lys37 and Lys72 of Go¨1 MC1-a that are not present in Go¨1 MC1-b are highlighted in red. Residues at position 12,
56 and 64 are diﬀerent in MC1-a and MC1-b (marked by asterisk). (b) MC1-a, MC1-b and histone-like proteins fromM. mazei strain Go¨1 were used
in MTase activity measurement for Go¨1-SET. Histone H4 was used as a control (lane 1). Relative amounts of proteins used in the assay are shown in
an SDS–PAGE gel (upper panel). Fluorogram of Go¨1-SET activity shows that only MC1-a lane contains a radioactive signal (middle panel),
indicating that MC1-a is the substrate of Go¨1-SET. MC1-b and histone-like proteins were not methylated by Go¨1-SET. Similar amounts of Go¨1-
SET were used in each MTase reaction (lower panel). (c) The enzymatic activity of Go¨1-SET was further analyzed using wild-type MC1-a, K37R,
and K72R mutant. Relative amounts of proteins used in the assay are shown in an SDS–PAGE gel (upper panel). Fluorogram of Go¨1-SET activity
shows that wild-type and K72R mutant MC1-a contain signals, indicating methylation by Go¨1-SET (lower panel). Lane containing K37R mutant
MC1-a contains a weaker signal, suggesting the target methylation site is Lys37. (d) Three-dimensional structure of MC1-b from M. thermophila
strain CHTI55. The 93-residue protein consists of six beta strands and one a helix. The structure shows that the position of Ser36, which corresponds
to Lys37 of MC1-a in the sequence alignment, is located in a loop connecting a1 and b3, and therefore, by analogy Lys37 is predicted to be solvent-
exposed in the three-dimensional structure of MC1-a.
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(Fig. 4(c), lower panel). However, Go¨1-SET exhibited very
weak methylation activity towards MC1-a K37R mutant, sug-
gesting that Lys37 is likely the speciﬁc target of Go¨1-SET.
Sequence comparison of MC1-a and H4 indicates that the
residues ﬂanking Lys37 of MC1-a, namely –RGK37 G–, are
similar to –RGK5G– in the N-terminal tail of H4. Analysis
of the MTase assay data using synthetic H4 peptide substrates
(Fig. 3(b)) further shows that when Lys5 and Lys12 of H4 are
already acetylated, the peptide is no longer a substrate for
Go¨1-SET. Although, our data could not rule out the possibil-
ity of Lys12 of H4 being a methylation site, Lys5 of H4 appear
more likely the residue being targeted for methylation by Go¨1-
SET, because of the similarity in the ﬂanking sequences to that
containing Lys37 methylation site in MC1-a. This conclusionis also supported by the fact that this sequence is not present
in proteins which were not methylated by Go¨1-SET, i.e., his-
tones H2A, H2B, H3, and MC1-b and histone-like protein
from Go¨1. It is important to note that histone H4 Lys5 meth-
ylation by Go¨1-SET may not be biologically relevant. How-
ever, these results underscore that Go¨1-SET has high
substrate speciﬁcity and its lysine methylation activity requires
a preferred amino acid sequence of –RGKG–, as present in
MC1-a.
3.8. Lysine at position 37 in MC1 is solvent exposed
Based on the three-dimensional NMR-derived solution
structure of MC1-b from M. thermophila strain CHTI55
(Fig. 4(d)) [22], the sequence alignment of MC1 proteins high-
lights the positions of the secondary structures (Fig. 4(a)).
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a site corresponding to a serine in the MC1-b. Due to the high
sequence similarity between MC1 proteins, it can be deduced
that Lys37 of Go¨1 MC1-a is possibly present between helix a
1 and strand b3 and will presumably be solvent-exposed
(Fig. 4(d)). Therefore, because of its position in the three-
dimensional structure of the protein, Lys37 will be available
as a target of Go¨1-SET.4. Discussion
Sequencing of the 4 Mbp circular chromosome of M. ma-
zei Go¨1 has shown that Go¨1 genome contains 3371 open read-
ing frames [23]. Most of these ORFs have high homology to
proteins of bacterial species suggesting the possibility that
there has been extensive contribution of lateral gene transfer
to the evolution of Methanosarcina species [23]. Although the
Methanosarcina species have large genomes, surprisingly, they
encode only one archaeal histone-like protein [8]. These his-
tone-like proteins contain 65–69 residues, have high sequence
identity to each other and are present in the subdomain Eury-
archaea [8,24]. Somewhat similar to the eukaryotic histones,
the archaeal histone-like proteins have a histone fold made
up of three a-helices separated by two loops, and exist as
dimers [25]. However, unlike the eukaryotic histones, the
archaeal histone-like proteins do not contain unstructured
N- or C-terminal tail extensions, which are important sites
for post-translational modiﬁcations of eukaryotic histones.
The functional signiﬁcance of archaeal histones in DNA inter-
action or in chromatin remodeling remains to be elucidated [8].
In the Methanosarcina species, rather than the histone-like
protein, members of the MC1 family appear to be the predom-
inant DNA-associating proteins. Studies have shown that
MC1 molecules associate with DNA in vivo, and are present
at the ratio of 1 MC1 protein per 100 bp of DNA [26,27].
MC1 preferentially binds double-stranded DNA as a mono-
mer, and such interactions lead to DNA bending and negative
supercoiling, thus protecting DNA against thermal denatur-
ation [28–31]. In in vitro assays, addition of MC1 proteins
has been shown to stimulate E. coli RNA polymerase activity
at low protein to DNA ratios, but the RNA polymerase and
subsequent transcription were inhibited at higher ratios [29].
This observation leads us to appreciate the DNA bending
capabilities of MC1 and suggests that these proteins would
be attractive targets for chromatin modiﬁers such as archaeal
SET proteins.
Aravind and Iyer have postulated that SET domains evolved
in eukaryotes, and that over evolution and via lateral gene trans-
fer, SET domains became part of certain bacterial genomes,
where the domain further evolved and was transferred to large
DNA viruses and Archaea [18]. Here we present identiﬁcation
and characterization of the ﬁrst SET domain containing lysine
methyltransferase from the Archaea, M. mazei strain Go¨1.
Our data show that Go¨1-SET exists as a homodimer in solution
and that the protein is an active methyltransferase speciﬁcally
methylating one of the major archaeal DNA interacting protein
MC1-a at Lys37, and suggest that the –RGK37G– motif is
important for the substrate speciﬁcity of Go¨1-SET.
Based on the discovery of acetylated archaeal DNA-bind-
ing proteins, such as Alba, and the subsequent eﬀects ofsuch post-translational modiﬁcations on modulation of
DNA interaction, we postulate that methyltransferase activ-
ity of archaeal SET domain proteins, such as Go¨1-SET, may
regulate structures of archaeal chromatin made up of MC1–
DNA complexes. Further studies of chromatin remodeling
mechanisms in Archaea will reveal the intricacies of the pro-
cess in these organisms. The data presented here provide a
model for how SET domain methyltransferases may inﬂu-
ence chromatin structure in Archaea and suggest that possi-
ble restructuring of chromatin by methylation arose before
the separation of the archaeal and eukaryotic lineages.Acknowledgment:M.-M.Z. was supported by grants from the National
Institutes of Health.References
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